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In aquatic environments, organisms are exposed to trace metals through a number of routes, 
including water, sediment, suspended particles and food chain. In this study, the bioavailability 
and toxicity of several metals in water and sediment was investigated using carefully designed 
bioassays and modeling methods.  
First, the biouptake of the lanthanide Sm in a freshwater green alga Chlamydomonas reinhardtii 
was studied within the framework of the biotic ligand model (BLM). The uptake of Sm3+ in the 
absence of organic ligands was well described by a Michaelis-Menten equation, suggesting a 
single-site transport. The addition of several simple organic ligands decreased Sm influx rates, 
however to much less extent than predicted, presumably due to the direct internalization of the 
Sm complexes. The competition effects of major cations and three other lanthanide cations were 
successfully modeled by the BLM. The stability constants and Jmax were very similar among the 
four investigated lanthanides, suggesting a common uptake pathway among them.  
Second, the deposit-feeding sipunculan worm, Phascolosoma arcuatum, was used as a tool to 
assess metal bioavailability in marine sediments. The worm was considered a suitable test 
organism because it indiscriminately ingests sediment particles and has very low uptake rates of 
dissolved metals. In addition, the worm has simple anatomy and is like a little sac full of liquid, 
i.e., coelomic fluid, which can be easily collected for metal analysis after simple sample 
treatment.  Analyzing the metals in coelomic fluid led to similar results as the somatic-tissue 
metals for assessing the bioavailability of sediment-bound metals and the spatial pattern of metal 
contamination. 
Third, a two-compartment  toxicokinetic-toxicodynamic model was developed for metals in a 
freshwater model organism Daphnia magna. Model parameters were estimated for three metals, 
i.e., cadmium, zinc and mercury, by fitting the literature data on metal bioaccumulation and 
toxicity.  A range of crucial information for toxicity prediction can be readily derived from the 
model, including detoxification rate, no-effect concentration, threshold influx rate for toxicity, 
maximum duration without toxicity.  This process-based model is flexible and can help for 
















Table of Contents 
Table of Contents 
Title.................................................................................................................................................. I 
Copyright ...................................................................................................................................... II 
Abstract ........................................................................................................................................ III 
Table of Contents ........................................................................................................................ IV 
Chapter 1 General Introduction .................................................................................................. 1 
1.1 METAL POLLUTION IN AQUATIC ENVIRONMENTS ................................................. 1 
1.1.1 Metal speciation and bioavailability in water ................................................................. 1 
1.1.2 Bioavailability of metals in sediment ............................................................................. 3 
1.1.3 Toxicokinetic-toxicodynamic models for predicting metal toxicity .............................. 5 
Chapter 2 Samarium Accumulation in the Freshwater Alga Chlamydomonas reinhardtii: 
Effects of Competition and Complexation .................................................................................. 8 
2.1 ABSTRACT .......................................................................................................................... 8 
2.2 INTRODUCTION ................................................................................................................. 8 
2.3 MATERIAL AND METHODS .......................................................................................... 10 
2.3.1 Algal culture ................................................................................................................. 10 
2.3.2 Experimental design ..................................................................................................... 10 
2.3.3 Uptake experiments ...................................................................................................... 11 
2.3.4 Metal analysis ............................................................................................................... 12 
2.3.5 Data analysis ................................................................................................................. 12 
2.3.6 Estimation of parameters .............................................................................................. 13 
2.4 RESULTS AND DISCUSSION ......................................................................................... 13 
2.4.1 Sm internalization ......................................................................................................... 13 
2.4.2 Complexation................................................................................................................ 15 
2.4.3 Ca and Mg competition ................................................................................................ 16 
2.4.4 Lanthanide competition ................................................................................................ 17 
2.5 TABLES AND FIGURES .................................................................................................. 19 
Chapter 3 Using the Sipunculan Worm Phascolosoma arcuatum as a Tool for Assessing 
Metal Bioavailability in Marine Sediments .............................................................................. 24 















3.2 INTRODUCTION ............................................................................................................... 24 
3.3 MATERIAL AND METHODS .......................................................................................... 26 
3.3.1 Field sampling .............................................................................................................. 26 
3.3.2 Sample preparation ....................................................................................................... 27 
3.3.3 Metal analysis ............................................................................................................... 28 
3.3.4 Statistical analysis......................................................................................................... 29 
3.4 RESULTS AND DISCUSSION ......................................................................................... 30 
3.4.1 Metal concentration and phase distribution in sediment .............................................. 30 
3.4.2 Metal concentration in sipunculan worms .................................................................... 31 
3.4.3 Correlation between metal concentrations in sediment and worms ............................. 35 
3.5 TABLES AND FIGURES .................................................................................................. 37 
Chapter 4 Predicting Metal Toxicity in Daphnia magna Using a Two-Compartment 
Toxicokinetic-Toxicodynamic Model ........................................................................................ 48 
4.1 ABSTRACT ........................................................................................................................ 48 
4.2 INTRODUCTION ............................................................................................................... 48 
4.3 TOXICOKINETIC-TOXICODYNAMIC MODEL ........................................................... 50 
4.3.1 Model Concept ............................................................................................................. 50 
4.3.2 Toxicokinetic Model ..................................................................................................... 50 
4.3.3 Toxicodynamic Model .................................................................................................. 51 
4.3.4 Parameter Estimation .................................................................................................... 52 
4.4 RESULTS AND DISCUSSION ......................................................................................... 54 
4.4.1 Toxicokinetics .............................................................................................................. 54 
4.4.2 Toxicodynamics ............................................................................................................ 57 
4.5 TABLES AND FIGURES .................................................................................................. 62 
References .................................................................................................................................... 75 
Acknowledgement ....................................................................................................................... 84 
Appendix ...................................................................................................................................... 85 
Appendix 1. Supporting information for Chapter 4 .................................................................. 85 
Appendix 2 Peer-reviewed publications based on the postdoc work ........................................ 93 
















Chapter 1 General Introduction 
 
1.1 METAL POLLUTION IN AQUATIC ENVIRONMENTS 
1.1.1 Metal speciation and bioavailability in water  
Metals in water distribute among different physico-chemical forms, including particulate matter 
and dissolved forms. The dissolved metals are also a mixture of a wide variety of different 
chemical species, such as simple hydrated metal ion, inorganic complexes, organic complexes 
and the metal adsorbed on various colloids [1, 2]. In natural waters, all these species can coexist 
but not necessarily in equilibrium with each other [3]. 
It is now well recognized that the bioavailability of metals is governed by their speciation [4, 5]. 
Different species may have very different bioavailability; measuring the total concentration of 
metals alone is not enough for predicting the bioaccumulation and toxicity to organisms. For 
example, assuming that the total Cu concentrations in two water samples are the same (e.g., 50 
µg L-1); Cu is complexed by organic ligands and adsorbed to colloids in one water sample while 
in the other water sample Cu exists in simple inorganic forms (e.g., Cu2+, CuOH+, CuCO3). The 
toxicity of the later water sample would be much higher. However, water quality criteria and 
standards are conventionally based on concentrations of total recoverable metals or dissolved 
metals. The principles of chemical speciation are rarely incorporated in the development of 
criteria or standards, with some notable exceptions [6]. 
Although the effects of metal on biota are better related to certain species than the total 
concentration, it is technically challenging to determine the speciation of metals in waters, 
especially in natural waters. Metal speciation can be measured directly using electrochemical and 
chemical analysis and thermodynamic modeling. The former includes electroanalysis (e.g., 
anodic stripping voltammetry or ASV, ion selective electrodes or ISE ), ion exchange, diffusion 
gradient in thin films (DGT), dialysis, ultrafiltration and solvent extraction [3, 7]. It should be 
noted that the speciation results from all these methods are operationally defined and may differ 
greatly from one another. For example, the ASV method can discriminate the labile and inert 
metal species, where the labile species include the free metal ion and metal in complexes or 















measured by the DGT technique are those metal species that can diffuse in the agar gel and then 
be bound by the binding layer, e.g., Chelex-100 ion-exchange resin [9]. Not surprisingly, the 
different underlying mechanisms of the two techniques determine that different results may be 
obtained for the same water sample. 
Beside the direct measuring methods, geochemical modeling software (e.g., MINEQL, Visual 
MINTEQ and WHAM) is also widely used for determining metal speciation [7]. The modeling 
methods are capable of predicting metal speciation based on minimal chemical analysis. This 
advantage leads to fewer requirements for analytical facilities and technical experience. In 
addition, speciation can be calculated before conducting experiments, which can facilitate sound 
experimental design. However, the modeling calculations are limited by the availability of 
reliable stability constants. For well-defined solution with reliable constants for key reactions, 
speciation calculation results are expected to be reliable. However, for complex solutions (e.g., 
algal culturing media) large uncertainties may exist in the calculation. In natural waters, when 
neither the nature nor the concentration of metal-binding ligands (e.g., natural organic matter) is 
known, modeling is still a challenge [2].  
Early studies conducted in 1970s found that the biological effects of metals were greatly reduced 
when complexing agents were added into test water [10-12]. The complexing agents could be 
inorganic ligands (e.g., carbonate, phosphate) and synthetic or natural organic ligands. When 
ligand concentration varied, the concentration or activity of free metal ions predicted metal 
toxicity better than the total concentration. These findings were later synthesized into two 
independently developed models, i.e., the free ion activity model (FIAM) [13] and the biotic 
ligand model (BLM) [14, 15]. The two models are actually mechanistically equivalent. 
Nevertheless, the former was developed mainly based on studies on algae and emphasizes more 
the effects of complexation; while the later originated from studies using fish gills and 
particularly with respect to cation competition effects. 
Both models have a number of underlying assumptions [4, 5]. For example, the biouptake or 
biological effects are preceded by forming metal complex with the either transport sites or site of 
toxic action on cell membrane. Therefore, if a metal complex can enter cells directly by simple 
diffusion, such as the lipid-soluble copper xanthates used in mineral flotation and copper 8-















predicted by the two models. Another example of the assumptions is that the rate of metal 
transport across cell membrane (or biouptake) was much slower than the rates of chemical 
reactions and diffusion processes take place in water. The assumption is needed for relating the 
concentration of metal complexes formed at the cell membrane to concentrations of metal ions in 
bulk solution based on equilibrium calculation. However, this assumption can be violated at least 
for several essential metals, e.g., Fe and Zn [16, 17]. In that case, metal complexes may 
dissociate and contribute to biouptake.  
In this study (Chapter 2), the bioaccumulation of a trivalent metal samarium (Sm) in a freshwater 
alga was studied with the framework of the BLM. The effects of competition of both major 
cations and several other rare earth elements and the effects of complexation by several organic 
ligands were examined. The rare earth elements, including Sm which was selected as a surrogate, 
are widely used in high-technology industry; however, their bioavailability and ecological risks 
are poorly understood. This study was aimed to fill such a knowledge gap. 
1.1.2 Bioavailability of metals in sediment 
In aquatic ecosystem, sediment is the major reservoir of contaminants, including trace metals. 
Meanwhile, sediment is the habitat of a wide range of benthic organisms. Therefore, the quality 
of sediment determines the health and functions of aquatic ecosystem. Distinct from organic 
pollutants, metals do not degrade, and they can only be stored in or transferred between different 
environmental compartments. Under certain circumstances, metals temporally stored in 
sediments may reenter the overlying water and food chain, leading to persistent harm to the 
aquatic ecosystem.  Metal concentrations in sediments are usually 3 to 5 orders of magnitude 
higher than that in water [18]; even a small portion being bioavailable would cause substantial 
adverse effects to the health of ecosystem. Nonetheless, our understanding of the bioavailability 
of sediment-bound metals is still poor, which limits our ability to assess the associated ecological 
risks.  
Currently, approaches for assessing metal bioavailability in water is more well-established, 
which is partly due to that model organisms (e.g., unicellular algae, water fleas, zebra fish) are 
readily available for conducting standardized bioaccumulation and toxicity tests. Based on the 















using thermodynamic equilibrium models. Among these models, the biotic ligand model (BLM) 
is the most well-known and widely used [5, 15]. In contrast, there is a lack of suitable test 
organisms for assessing metal bioavailability in sediments. On one hand, the frequently used test 
organisms are difficult to culture and handle in laboratory (e.g., polychaetes); on the other hand, 
sediment may be not the major route metal exposure for the organisms due to their ecology (e.g., 
bivalves). 
Sequential extraction is one of the most frequently used methods in predicting metal 
bioavailability in sediments [19, 20].  In sediments, metals are associated with various 
geochemical components with different binding affinity, which theoretically should have very 
different availability to organisms. Sequential extraction methods operationally divide metals 
into different fractions, and are considered to provide more accurate prediction of the mobility 
and biological availability of metals than their total concentrations. According to the sequential 
extraction protocol developed by Tessier et al. [19], sediment-bound metals are divided into five 
phase, including exchangeable, carbonate-bound, Fe/Mn oxyhydroxide-bound, organic 
matter/sulfide-bound and residual. Many other extraction protocols, including the widely adopted 
and standardized BCR approach [20], were developed but based on the similar rationales. 
However, the sequential extraction methods also have received as many criticisms as interests 
[21, 22]. At least two major concerns were raised: (1) the extractants usually lack specificity and 
may attack the geochemical component other than what they are intended to; (2) redistribution of 
metals among different geochemical components may occur during the extraction processes.  
Sediment-bound metals may be accumulated by organisms directly through ingestion or 
indirectly after entering interstitial or overlying water.  Acid volatile sulfide (AVS) was found to 
be important in controlling metal concentrations in interstitial water by forming highly insoluble 
sulfides with metals, e.g., Cd, Pb, Zn [23, 24]. When the molar ration of AVS and 
simultaneously extracted metals (SEM) is higher than one, metal concentration in interstitial 
water would be kept low and is expected to cause no toxic effects to benthic organisms. Indeed, 
this SEM/AVS theory was evidenced by results from many toxicity tests conducted with benthic 
organisms [25, 26]. However, it is incorrect to conclude that metals are not bioavailable when 
there are excess AVS. In fact, sulfide bound metals may dissociate in the gut of deposit-feeding 















assimilated by bivalves, and the assimilation efficiencies are similar to that found in oxic 
sediments.  
In this study (Chapter 3), a suitable deposit-feeding organism, i.e., the worm Phascolosoma 
arcuatum, was thus selected to study the bioavailability of sediment-bound metals. The 
suitability of the worm is attributed to its many special ecological and biological traits. 
Especially, the worm is rich in coelomic fluid, which can be sampled and analyzed conveniently 
for a rapid assessment.  
1.1.3 Toxicokinetic-toxicodynamic models for predicting metal toxicity 
One of the major tasks of ecotoxicological studies of trace metals is to assess the ecological risks 
of metals in different environmental compartments (e.g., water and sediment). Although the 
framework of ecological risk assessments (ERA) is now well established [28, 29], the 
relationships between metal exposure and bioaccumulation and between bioaccumulation and 
toxic effects are still poorly understood. These are the bottleneck for reliable ERA. Traditional 
toxicity tests are the most straightforward approach for establishing the relationship between 
exposure and toxic effects. However, standard toxicity tests are conducted under well-controlled 
conditions with short-term and high-concentration exposures. It is quite different from that 
encountered by organisms in the real world, that is, constantly fluctuating, long-term and low-
concentration exposures.  Therefore, there exists much uncertainty in extrapolating the 
conclusions obtained based on standard toxicity tests to the real world. 
For setting environmental criteria values, the 50% effective (or lethal) concentrations (i.e., 
EC50/LC50) are usually used after the application of a safety factor [30]. The value of safety 
factor is often based on the experience of environmental scientists and managers instead of solid 
science, and thus is arbitrary [31]. Were the factor too small, the protection provided by the 
criteria would be inadequate. Conversely, if the factor were too large, it would lead to over-
protection and the waste of resources which could otherwise be used for other purposes. Another 
approach of obtaining the no-effect concentration is by conducting statistical analysis of the 
toxicity data. Specifically, when there is no significant difference between a treatment and the 















the organisms. Unfortunately, this is an abuse of statistics, and has been widely criticized [32, 
33]. 
The toxicity statistics such as EC50/LC50 decrease with time [33]. Therefore, a fixed exposure 
duration, which is usually 48 h or 96 h, is specified for the standard toxicity tests in order to take 
into account of the effects of time. The time for toxic effects to develop is dependent on the 
combination of the toxicant and test organism; there is no such an exposure duration that fits all 
the combinations. Thus, it is desirable to explicitly include time as a variable in ecotoxicological 
studies, for example, by using process-based kinetic models.  
The toxicokinetic-toxicodynamic (TK-TD) models are a group of process-based models for 
predicting the bioaccumulation and toxicity of chemical contaminants (e.g., organic 
contaminants, trace metals) [31, 34]. In two steps, the TK-TD models link toxicity of 
contaminants to their exposure. Firstly, exposure is translated into internal concentration (TK 
step); secondly, toxicity is simulated based on the modeled bioaccumulation (TD step). The 
DEBtox (Dynamic Energy Budget Toxicology) model is one of the earliest TK-TD models. It 
assumes that the uptake and efflux processes all follow the first-order kinetics, and the hazard 
starts to increase compared to the background when the internal concentration of the contaminant 
exceeds a threshold, which finally leads to a range of toxic effects [35].  
Currently, the TK-TD models are more frequently used for organic pollutants (especially 
pesticides) than for trace metals [36, 37]. There are at least two problems which hinder the 
application of TK-TD models for predicting metal toxicity in aquatic organisms. First, the TK of 
metals is complex, which is not only dependent on the combination of metals and organisms, but 
also highly dependent on water chemistry [2, 4]. Therefore, it is hard or unlikely to get a set of 
TK parameters which are applicable in different scenarios. Secondly, metals can be are stored as 
detoxified forms in organisms. It is well know that organisms can detoxify accumulated metals 
into metallothionein-like proteins and insoluble granules [38]. The fraction of detoxified metals 
is dependent on the exposure history. It is thus difficult to predict metal toxicity based on total 
internal concentration of metals. 
Considering these problems, in this study (Chapter 4), we proposed a two-compartment model to 















predicted metal toxicity based on the former in the model organism Daphnia magna, of which 

















Chapter 2 Samarium Accumulation in the Freshwater Alga Chlamydomonas 
reinhardtii: Effects of Competition and Complexation 
 
2.1 ABSTRACT 
The applicability of the biotic ligand model (BLM) was tested for the lanthanide Sm in a 
freshwater green alga Chlamydomonas reinhardtii. The uptake of Sm3+ in the absence of organic 
ligands was well described by a Michaelis-Menten equation, consistent with the BLM 
assumption of single transporter, with the maximum influx rate (Jmax) of 1.43×10
-14 mol cm-2 s-1 
and the half saturation concentration of 10-7.02 M. The addition of organic ligands (i.e., malic acid, 
diglycolic acid and citric acid) decreased Sm influx rates. However, the decreases were much 
less than that predicted by the BLM, possibly due to the direct internalization of Sm complexed 
by simple organic acids. The competition effects of two major cations (Ca2+ and Mg2+) and three 
lanthanide cations (La3+, Ce3+ and Eu3+) were successfully modeled by the BLM, with the 






7.08 M-1. The stability constants and Jmax were very similar among the 
four investigated lanthanides and varied progressively with atomic number; therefore, the results 
obtained in the present study probably can be extrapolated to other lanthanides.  
 
2.2 INTRODUCTION 
In aquatic systems, the biological effects of trace metals are greatly dependent on their 
distribution in different chemical species, i.e., metal speciation. Although free ions often 
composite only a small fraction of trace metals, they are found to be the best predictor of 
bioaccumulation and toxicity for most metals investigated [39, 40]. These findings led to the 
formation of the free ion activity model (FIAM) and its derivative the biotic ligand model (BLM). 
Both models assume that the metals binding to sensitive sites or transport sites on biological 
surfaces are in equilibrium with metals in bulk solution, and the transport of metals across cell 
membrane is the rate limiting step [5, 39]. Therefore, the models predict that the complexation 
by (hydrophilic) organic and inorganic ligands and the competition from other cations during 















The equilibrium models have been critically validated for a number of divalent metals (e.g., Ni, 
Cd and Pb) [41-43], although exceptions were also found [17, 44]. The feasibility of extending 
these models to the many trivalent metals (e.g., lanthanides) remains uncertain. Weltje et al. [45] 
tested the validity of FIAM for the heavy lanthanide Lu in the bacterium Vibrio fischeri in the 
presence of different organic ligands; typical concentration-response curves could only be 
observed when concentration was expressed in Lu3+ rather than in total Lu. Recently, the BLM 
was found to be successful in predicting Sc accumulation in algae at only low pH levels; and 
hydroxy Sc species possibly contributed to the bioaccumulation [46].  
Lanthanides are a group of 15 elements of similar physicochemical properties, and are 
moderately abundant in the earth crust despite that they are also called rare earth elements. They 
have wide applications in high-technology and clean energy products because of their special 
magnetic, luminescent and catalytic properties [47, 48].  Lanthanides are also widely used as 
fertilizers, especially in China, as they can promote crop growth and production [49, 50]. Sm, an 
intermediate lanthanide, was selected in the present study as a representative, with the 
expectation that the results obtained for Sm can be extrapolated to the other lanthanides. In 
unpolluted natural fresh waters, Sm concentrations typically range from 10-12 to 10-10 M [51, 52]. 
In affected waters and especially those near metal mining and processing operations, high 
concentration of Sm could be found in waters (10-9-10-6 M) and organisms (e.g., 5.9 µg g-1 in 
algae) [53-55].  
Although considerable concentrations of lanthanides can be detected in aquatic organisms [56-
58], their bioaccumulation processes are poorly understood. While chemical equilibrium 
modeling software (e.g., Visual MINETEQ, WHAM) provided tools for calculating the 
speciation of lanthanides, the lack of data on the interaction of lanthanides with biological 
interface limits our ability to model and predict their accumulation in organisms and to assess the 
associated ecological risks.  
In the present study, we quantified the uptake of Sm in a unicellular green alga Chlamydomonas 
reinhardtii in the presence of hydrophilic organic ligands or competing cations. The objective 
was to investigate applicability of BLM to trivalent lanthanides and estimate the model constants 
upon confirmation. The ligands, including malic acid, diglycolic acid and citric acid, are of 















experiments. Considering that lanthanides always occur together in ore deposits and are 
transported together in waters, the competition effects of three other lanthanide cations (i.e., La3+, 
Ce3+ and Eu3+) and the two major cations (i.e., Ca2+ and Mg2+) were measured.  
 
2.3 MATERIAL AND METHODS 
2.3.1 Algal culture 
The unicellular freshwater alga, C. reinhardtii, was used in this study because of its ease to 
culture and well known biology. The algae were maintained on agar plate prepared with 1.5% 
agar and the Tris-acetate-phosphate (TAP) medium [59]. To prepare algae for bioaccumulation 
experiments, the algae were firstly inoculated into 200 ml of TAP medium. After 3 d of growth, 
the cell density increased to ~106 cells ml-1, and was then transferred into 1000 ml of TAP with 
an initial cell density of 105 cells ml-1. After another 3 d, the cell density usually reached ~2×106 
cell ml-1. The algae were centrifuged at 3000 rpm for 3 min, washed with and resuspended in 
0.01-M NaMES (2-(N-Morpholino)ethanesulfonic sodium) buffer and used for uptake 
experiments. The algal cultures were placed on a rotary shaker (100 rpm), held at 20oC and in a 
12 h light: 12 h dark regime. The medium for culturing algae were autoclaved, and all handling 
was done near a flame to avoid contamination. 
2.3.2 Experimental design 
Three series of Sm uptake experiments were conducted, including the uptake of Sm (1) at 
different Sm concentrations ranging from 10-9 to 10-5 M, (2) in the presence of complexation 
agents and (3) in the presence of different competing cations.  
Complexation Three short-chain organic acids, i.e., malic acid, diglycolic acid and citric acid, 
were used as complexation agents to create a Sm3+ gradient ranging from 5×10-10 to 3×10-7 M in 
the uptake experiments. Nominal concentrations of organic acids were used for calculating Sm3+ 
concentrations.  Therefore, to minimize uncertainties in the calculation, the concentrations of 
added organic acids were at least 5 fold higher than total Sm. Speciation of metals were 
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